Summary: Tumor-specific CD8 + T cells often fail to elicit effective antitumor immune responses due to an inability to expand into a substantial effector population and persist long-term in vivo. Using an adoptive transfer model of cancer immunotherapy, we demonstrate that constitutive eomesodermin (Eomes) expression in tumorspecific CD8
T he role of CD8
+ T cells in mediating antitumor immune responses has been well documented, yet a major limitation in the field remains the generation of a substantial population of tumor-specific CD8 + T cells that persist in vivo. 1, 2 Adoptive immunotherapy aims to increase both the number and specificity of tumor-reactive CD8 + T cells and has yielded promising results in patients with metastatic melanoma. 3, 4 Current adoptive cell transfer therapies require a significant expansion period to generate billions of tumor-specific CD8 + T cells before transfer. 5 Recent studies have highlighted the importance of proliferative potential and persistence of CD8 + T cells in adoptive cell therapy. [6] [7] [8] The ability to increase the expansion and survival of adoptively transferred cells in vivo would provide more practical means of treatment for cancer patients.
The T-box transcription factors T-bet and eomesodermin (Eomes) have been implicated in CD8
+ T-cell effector activity and memory specification in models of acute viral infection. [9] [10] [11] [12] [13] The role of Eomes in promoting CD8
+ T-cellmediated antitumor immune responses is poorly understood. Our laboratory and others have demonstrated a marked increase in Eomes expression in tumor-specific CD8 + T cells following treatment with an agonistic α4-1BB (CD137/ TNFSF9) antibody. [14] [15] [16] Our study showed that endogenous expression of Eomes was required for 4-1BB-agonist-mediated tumor rejection. Agonistic 4-1BB antibody treatment has been shown to improve the antitumor immune response in various ways such as promoting CD8
+ T-cell expansion, preventing T-cell exhaustion, promoting cytokine production and supporting T-cell persistence. [16] [17] [18] Other studies have demonstrated impaired tumor infiltration and tumor rejection in mice treated with CD8 + T cells lacking Eomes. 19, 20 These findings prompted us to examine whether Eomes expression alone was sufficient to mediate effective CD8 + T-cell-mediated tumor rejection.
To address whether augmented expression of Eomes was sufficient to promote CD8 + T-cell-mediated tumor rejection, we utilized adoptively transferred CD8 + T cells constitutively expressing Eomes in a mouse model of lymphoma. We found that constitutive expression of Eomes in tumor-specific CD8 + T cells improved recipient mouse survival following adoptive transfer, and this survival was associated with an increase in the number of adoptively transferred cells in lymphoid tissues and the tumor. We further observed that constitutive Eomes expression increased cell proliferation and survival and this effect was associated with an Eomes-dependent increase in CD25 expression, and enhanced interleukin-2 (IL-2) responsiveness. Our findings suggest that Eomes expression alone is sufficient to improve tumor rejection efficacy by increasing both CD8
+ T-cell responsiveness to IL-2 and the number of tumor-specific T cells in an antitumor immune response.
METHODS

Mice
Mice were bred, housed, and utilized in accordance with University of Maryland School of Medicine Institutional Animal Care and Use Committee Guidelines. C57BL/ 6 and OT-1 mice were initially purchased from The Jackson Laboratory.
Antibodies
Cells were stained with fluorochrome-labeled antibodies to Eomes(clone Dan11mag), Thy1.1(clone His51), CD8a (clone 53-6.7), CD25(clone Pc61.5), CD122(clone TM-b1), CD44(clone Im7), CD69(clone H1.2f3), CD62L(clone Mel-14), Granzyme b(clone NGZB), and perforin(clone eBioO-MAK-D) purchased from eBioscience (Thermo Fisher Scientific, Waltham, MA). Flow data were acquired on an Accuri C6 (BD Biosciences, San Jose, CA) and analyzed using FlowJo software (Tree Star Inc., Ashland, OR).
Cell Staining and Flow Cytometry
Tumors and lymph tissues were harvested and prepared as previously described. 16 Cells were stained with fluorochromelabeled antibodies to cell surface molecules for 30 minutes at 4°C before fixation and permeabilization (FoxP3/Transcription Factor Staining Buffer Set, eBioscience) and stained with fluorochrome-labeled antibodies to intracellular antigens. For analysis of cytokine production, cells were restimulated with OVA peptide (1 μg/mL; AnaSpec Inc., Fremont, CA) for 4 hours. Brefeldin A (10 μg/mL; Life technologies, Carlsbad, CA) was added to the media to inhibit protein secretion. Cells were fixed with 4% paraformaldehyde/phosphate-buffered saline (PBS) and permeabilized in saponin buffer (1% Bovine serum albumin and 0.1% Saponin in PBS) before staining with fluorochrome-labeled anti-interferon gamma (IFNγ) (clone Xmg1.2; eBioscience) and anti-tumor necrosis factor alpha (clone Mp6-xt22, eBioscience). For analysis of phosphorylated STAT5 expression, cells were cultured in media without IL-2 for 4 hours before stimulation with IL-2 of the indicated dose for 15 minutes. Cells were fixed with IC fixation buffer (eBioscience) and then methanol. Fixed cells were washed with PBS and stained with fluorochrome-labeled anti-Stat5 (Y694) antibody (clone SRBCZX, eBioscience). Data acquisition were performed on an Accuri C6 (BD Biosciences) flow cytometer. Gating based on CD8 and Thy1.1 surface staining (simultaneous) and subsequent analysis was performed using FlowJo software (Tree Star Inc.).
Mouse Lymphoma Model
EG7 cells were purchased from ATCC and cultured as previously described. 16 EG7 cells (1×10 6 ) in 200 μL PBS were subcutaneously injected into the right side flank of 6-to 12-week-old C57BL/6 recipient mice. The inguinal lymph node adjacent to the tumor was considered the tumordraining lymph node (TDLN), and the contralateral inguinal lymph node was used as a control. Tumor size was measured at the indicated time points as previously described. 16 Mice were euthanized and tissues were harvested 3 days after T-cell transfer (acute rejection) or when the tumor area reached 3 cm 2 (tumor regrowth).
CD8 + T-Cell Activation and In Vitro Culture
Single cell suspensions were prepared from the spleen, flank lymph nodes, and axillary lymph nodes of OT-1 donor mice. CD8 + T cells were magnetically isolated by negative selection (EasySep Mouse CD8 + T Cell Isolation Kit; STEMCELL Technologies, Vancouver, Canada). Isolated CD8 + T cells were activated in 24-well culture plates (2×10 6 / well) with immobilized anti-CD3 and anti-CD28 antibodies and cultured in T-cell media (IMDM + 10% FBS + 2 mM β-mercaptoethanol) supplemented with IL-2 of the indicated dose (1-100 μ/mL).
Adoptive T-Cell Transfer
CD8
+ OT-1 T cells were activated and cultured in T-cell media with 100 μ/mL IL-2. Two days after retroviral transduction, successfully transduced cells were magnetically enriched using either biotinylated anti-Thy1. 1 
Retroviral Constructs
The MSCV-IRES-Thy1.1 retroviral vector (MiT) was designed by the Marrack Lab. 21 Eomes and T-bet cDNA was subcloned into the MiT backbone to generate EomesMiT and T-bet-MiT constructs, respectively.
Retroviral Transduction
MiT retroviral genomes were packaged into retrovirus by cotransfecting 293T cells with MiT vector plasmid and helper plasmids and viral supernatants were harvested at 48 hours. One day following T-cell activation, OT-1 CD8 + T cells were transduced with MiT virus in complete media (IMDM + 10% FBS) in 24-well, RetroNectin-coated plates (Clontech, Mountain View, CA). Cell culture plates containing cells and virus were centrifuged at 2500 rpm for 2 hours. After the centrifugation, viral supernatants were replaced with fresh media with IL-2 and transduced cells were cultured for another 3 days. The cultures were split 1:2 daily.
Proliferation and Apoptosis/Cell Death Assays
For proliferation assays, activated CD8
+ OT-1 cells were stained with Carboxyfluorescein succinimidyl ester (CFSE) before retroviral transduction as previously described. 22 CFSE-labeled cells were cultured in T-cell media containing IL-2 of the indicated dose for 3 days. For analysis of apoptosis and cell death, activated CD8
+ OT-1 cells were cultured in T-cell media containing IL-2 of the indicated dose for 3 days and then labeled with AnnexinV (BD Biosciences) to assay apoptosis and fixable viability dye eFluor 780 (eBioscience) to label dead cells. CFSE staining and apoptosis/cell death were assayed using an Accuri C6 flow cytometer (BD Biosciences).
Statistical Analysis
Statistical analyses were performed as indicated using the 2-tailed Student t test or log-rank test. A P-value of <0.05 was considered significant.
RESULTS
Constitutive Expression of Eomes, but Not T-bet, in Tumor-specific CD8 + T Cells Improves Survival in an Adoptive Transfer Model of Cancer Immunotherapy
To evaluate the antitumor efficacy of constitutive Eomes expression in tumor-specific CD8 + T cells, we utilized an adoptive transfer model in which CD8
+ OT-1 transgenic T cells specifically target OVA-expressing EG7 lymphoma cells. 23, 24 CD8
+ OT-1 cells transduced with Eomes, T-bet, or empty-vector retrovirus (Eomes-OT-1, T-bet-OT-1, and control-OT-1) were transferred into EG7 tumor-bearing mice (Fig. 1A) . To measure the relative increase in Eomes expression after viral transduction, transduced OT-1 cells were harvested from tumors 3 days after transfer. In our prior work, agonistic 4-1BB antibody (α4-1BB) treatment led to a marked increase in Eomes expression in tumor-infiltrating CD8 + T cells. 16 This result prompted us to assess whether constitutive expression of Eomes through retroviral transduction achieved comparable levels of Eomes expression as did α4-1BB treatment. Eomes expression in Eomes-OT-1 cells was increased to approximately the same degree (Fig. 1B) , suggesting that Eomes is expressed at a high physiological level following transduction.
We then wanted to address whether constitutive expression of Eomes or T-bet in tumor-specific CD8 + T cells improved tumor rejection. Utilizing our EG7/OT-1 adoptive transfer model, we measured tumor growth over time in mice receiving Eomes-OT-1, T-bet-OT-1 or control-OT-1 cells. In the absence of adoptive T-cell transfer, mice failed to control EG7 tumor growth. Consistent with previous reports, [25] [26] [27] we observed acute tumor regression after adoptive transfer of OT-1 T cells roughly 12 days posttransfer (Fig. 1C) . After initial tumor regression, some of the tumors regrew, leading to eventual euthanasia, whereas others remained tumor-free (Fig. 1A) . We did not observe a significant difference in the rate of initial tumor regression between recipients of control-OT-1, T-bet-OT-1, and Eomes-OT-1 cells, however, treatment with Eomes-OT-1 cells reduced the occurrence of tumor regrowth. Among 23 mice treated with Eomes-OT-1 cells, 12 (52%) mice survived without tumor recurrence whereas 5 of 23 (22%) mice treated with T-bet OT-1 cells and 4 of 19 (21%) mice treated with control-OT-1 cells remained tumor-free (Fig. 1D) . Kaplan-Meier analysis of these data revealed a significant increase in median survival in recipients of Eomes-OT-1 cells compared with control-OT-1 recipients, whereas treatment with T-bet-OT-1 cells did not improve survival relative to the control (Fig. 1E ). These data suggest that constitutive Eomes expression in CD8 + T cells is sufficient to reduce the occurrence of tumor regrowth and enhance survival in a mouse lymphoma model.
Tumor-specific CD8 + T Cells Constitutively Expressing Eomes are Present in Increased Numbers in the TDLN During Tumor Regression
To begin to delineate the mechanisms through which constitutive Eomes expression could enhance CD8 + T-cellmediated tumor rejection, we harvested tumors and lymphoid tissues from tumor-bearing recipients 3 days after adoptive transfer for evaluation of CD8 + T cells. At this time point, tumors were beginning to regress. Although overall OT-1 cell numbers were few and there was variability between recipients, a statistically significant increase in the number of OT-1 cells was observed in TDLNs in recipients of Eomes-OT-1 cells (Fig. 2) . This difference was observed when considering both the total number of OT-1 cells in the TDLN and the percent of CD8 + T cells in the TDLN that were transferred OT-1 cells (Figs. 2A, B) . Such differences were not observed in recipients of T-bet-OT-1 cells relative to control. In all 3 groups, Eomes OT-1, T-bet OT-1, and control-OT-1, we consistently observed larger number of OT-1 cells in TDLN compared with control LN to the degree that the y-axis for the TDLN graph in Figure 2 is an order of magnitude greater than the y-axis for the control LN graph.
These results suggest that an Eomes-dependent increase in tumor-specific CD8
+ T-cell numbers may contribute to improved tumor rejection.
Constitutive Eomes Expression Promotes the Long-term Persistence of Tumor-specific CD8 + T Cells in Lymphoid Tissues Throughout Tumor Regrowth or Ablation
The finding that constitutive Eomes expression increased the number of tumor-specific CD8 + T cells in the acute immune response prompted us to examine whether this result would be observed at longer time points, when tumors recurred or were completely ablated. For mice in which the tumor recurred, we harvested tumor and lymphoid tissues when tumors measured 3 cm 2 . We observed increased numbers of Eomes-OT-1 cells in the tumor, TDLN, spleen, and bone marrow. These differences were statistically significant when comparing the percentage of the Thy1.1 + population (OT-1 cells) to the total CD8 + population as well as the total number of OT-1 cells in each tissue (Figs. 3A, B) . For the mice that remained tumor-free, lymphoid tissues were harvested at least 54 days after tumor ablation (Figs. 3C, D) . At this time point, we observed an increased number of Eomes-OT-1 cells in all lymphoid tissues. Again, these differences were statistically significant when comparing the percentage of the Thy1.1 + population to the total CD8 + population as well as the total number of OT
+ T cells was observed in every case (Fig. S1 , Supplemental Digital Content 1, http://links.lww.com/JIT/A487). These results suggest that increased numbers of tumorspecific CD8
+ T cells associated with constitutive expression of Eomes persist long term, both when tumors regrow and long after tumor ablation.
Constitutive Eomes Expression Promotes IFNγ Production in CD8 + T Cells
Because we observed improved survival in tumor-bearing mice following adoptive transfer with Eomes-OT-1 cells, we sought to determine whether Eomes was influencing the + T-cell population in the specified tissue. B, Total numbers of Thy1.1 + CD8 + T cells in the specified tissue (n = 5-12). Statistical analyses were performed by Student t test. *P < 0.05 and **P < 0.01.
antitumor activity of these cells in addition to increasing cell number. In acute immune responses, Eomes controls CD8 + T-cell effector function through induction of IFNγ, perforin, and granzyme B. 11, 12 To address the effect of constitutive
Eomes expression on CD8
+ T-cell effector activity in the antitumor immune response, Eomes-OT-1 and control-OT-1 cells were cultured for 3 days and assayed for effector molecule expression by flow cytometry. Consistent with the + T cells transduced with retrovirus encoding Eomes, T-bet, or empty retrovirus (Eomes-OT-1, T-bet-OT-1, and control-OT-1) were transferred into recipient mice bearing E.G7-OVA (EG7) tumors. A and B, In mice in which the tumor recurred, tumor and lymphoid tissues were harvested when the tumor size reached 3 cm 2 (n = 10-18). C and D, In recipient mice in which tumors were completely ablated, lymphoid tissues were harvested at least 54 days after tumor clearance (n = 3-10). Donor CD8 + T cells were distinguished from host CD8 + T cells based on the expression of Thy1.1. A and C, Percent of Thy1.1 + CD8 + T cells in the total CD8 + T-cell population in the specified tissues. B and D, Total numbers of Thy1.1 + CD8 + T cells in the specified tissues. Statistical analyses were performed by Student t test. *P < 0.05 and **P < 0.01. previously defined role for Eomes, 12, 28 constitutive expression resulted in an ∼15% increase in the percentage of IFNγ-producing cells (Figs. 4A, B) . There was no observed difference in tumor necrosis factor alpha, granzyme B, and perforin expression between Eomes-OT-1 and control-OT-1 cells (Figs. 4B, C) . This result confirms that Eomes increases IFNγ production in tumor-specific CD8 + T cells.
Constitutive Eomes Expression Increases CD25 Expression Before Adoptive Transfer
The observed increase in Eomes-OT-1 cell number in the TDLN 3 days posttransfer prompted us to investigate the expression of early activation markers associated with terminal effector or memory precursor fates before adoptive transfer. Surface protein expression was tested 3 days after in vitro T-cell activation by flow cytometry. Prior studies have identified CD25, CD44, and CD69 as T-cell activation markers whereas CD122 and CD62L are expressed at low levels in effector cells and associated with central and stem-like memory cells. 11, 29, 30 We observed a significant increase in CD25 expression but no difference in CD44 or CD69 expression between Eomes-OT-1 and control-OT-1 cells (Fig. 5) . We observed no significant difference in the expression levels of CD122 and CD62L, suggesting that constitutive Eomes expression may not affect memory precursor differentiation before adoptive transfer.
Increased CD25 Expression Associated With Eomes Expression Enhances IL-2 Responsiveness and Increases IL-2-dependent Proliferation
In CD8
+ T cells, IL-2 signaling occurs through the highaffinity IL-2 receptor complex consisting of IL-2Rα (CD25), IL-2Rβ (CD122), and the common gamma chain (γ c ). 31 Signaling through this receptor promotes multiple aspects of T-cell immunity such as in vitro expansion 32, 33 and effector molecule expression. 34, 35 High expression of CD25 increases CD8 + T-cell proliferation in an IL-2-dependent manner. 36 We hypothesized that increased CD25 expression as a result of constitutive Eomes expression would augment IL-2 signaling and promote an increase in cell number in lymphoid tissues. IL-2 binds to the IL-2R complex and promotes the recruitment and transphosphorylation of receptor-associated Janus kinases (JAK1 and JAK3), which phosphorylate tyrosine residues on the cytoplasmic tails of IL-2Rβ and γ c and recruit signal transducer and activator of transcription protein 5 (Stat5). JAK1 and JAK3 phosphorylate Stat5 at Y694 and Y699. Stat5 then dissociates from the receptor, dimerizes in the cytosol and translocates to the nucleus and binds STAT5 response elements. [37] [38] [39] [40] Therefore, we measured phosphorylated Stat5 levels as a marker of IL-2 signal input. We observed a significant increase in pStat5 in Eomes-OT-1 cells relative to control, suggesting an increase in responsiveness to IL-2 with constitutive Eomes expression (Fig. 6A) .
IL-2 was discovered for its role in promoting T-cell proliferation following activation in vitro 41, 42 and studies have shown that this effect is dose dependent. 43 A study using IL-2Rα transgenic mice showed that augmented IL-2 signaling increased CD8
+ T-cell proliferation after adoptive transfer. 33 To investigate whether Eomes expression affected T-cell proliferation, we CFSE-labeled Eomes-OT-1 and control-OT-1 cells and cultured for 3 days in vitro. We observed that a significantly higher percentage of Eomes-OT-1 cells underwent more cell divisions than control-OT-1 cells when cultured in a lower concentration of IL-2 (1 μ/mL) but not when cultured in a higher concentration (20 μ/mL) (Fig. 6B) . We then calculated the proliferation index, which represents the average number of divisions that dividing cells have undergone in culture and the expansion index, which demonstrates the fold-expansion of the entire culture. Both the proliferation index and expansion index were significantly increased in Eomes-OT-1 cells cultured in a lower concentration of IL-2, suggesting that constitutive Eomes expression in CD8 + T cells enhanced both the average number of cell divisions and overall fold-expansion of these cells in culture (Fig. 6C) . These results indicate that constitutive Eomes expression increases CD8 + T-cell proliferation in low-level IL-2 concentrations, possibly through increasing IL-2 responsiveness using augmented CD25 expression.
Constitutive Eomes Expression Promotes CD8 + T-Cell Survival
The finding that Eomes increased CD8 + T-cell proliferation in a CD25-dependent manner prompted us to investigate whether increased IL-2 responsiveness similarly enhanced CD8 + T-cell survival. Prior reports have demonstrated the role for IL-2 in promoting T-cell survival through activation of downstream signaling pathways and induction of prosurvival genes. [44] [45] [46] To analyze cell survival and apoptosis, control-OT-1 and Eomes-OT-1 T cells were cultured for 3 days in high-IL-2 and low-IL-2 concentrations (100 and 5 μ/mL, respectively) and stained with viability dye and AnnexinV. We observed an increase in cell survival and a decrease in apoptosis in Eomes-OT-1 cells compared with control-OT-1 cells (Figs. 6D, E) . Although the differences in cell survival and apoptosis appear greater at the lower IL-2 concentration, this finding was significant regardless of IL-2 concentration (Fig. 6E) . This result suggests that constitutive Eomes expression promotes CD8 + T-cell survival and may contribute to the increase in Eomes-OT-1 cells observed in lymph tissues and the tumor after transfer.
DISCUSSION
Here we report that constitutive Eomes expression improves survival in an adoptive transfer model of cancer immunotherapy and increases the number of adoptively transferred CD8 + T cells in lymphoid tissues and the tumor during acute tumor rejection, tumor regrowth, and after tumor ablation. We further demonstrate that Eomes is sufficient to increase the number of tumor-specific CD8 + T cells in the antitumor immune response, as constitutive expression increased cell proliferation and cell survival. This study extends our previous finding in which α4-1BB antibody administration led to high levels of Eomes expression in tumor-infiltrating CD8 + T cells and slowed tumor growth in an Eomes-dependent manner. 16 In our current study, we show that constitutive expression of Eomes in tumor-specific CD8 + T cells is sufficient to improve survival in an adoptive transfer model of cancer immunotherapy.
Our study corroborates previous studies examining the role of Eomes in promoting CD8 + T-cell-mediated antitumor immunity in a B16 model of melanoma. 19, 20 Eomesknockout (EKO) mice that were vaccinated against tumor antigen and then challenged with live B16 cells were susceptible to tumor growth. Similarly, adoptive transfer of EKO bone marrow cells into irradiated wild type (WT) mice failed to reject tumors. In both experiments, WT mice and transfer of WT bone marrow cells was sufficient to prevent tumor growth. 20 A study by the same group demonstrated reduced numbers of EKO tumor-infiltrating lymphocytes following adoptive transfer into irradiated WT mice. 19 In the present study, we observed that in contrast to the impaired antitumor immunity exhibited in CD8 + T cells lacking Eomes, constitutive expression of Eomes increased the number of transferred cells in lymphoid tissues and the tumor, and this was sufficient to improve tumor rejection.
The ability to generate large numbers of autologous, tumor-specific T cells in vitro for transfer into patients has yielded promising results in a wide variety of malignancies. 47 Current immunotherapies expand T cells in vitro or ex vivo before adoptive transfer under culture conditions that differ with respect to the antigens, antigen-presenting cells, and cytokines used. [48] [49] [50] [51] [52] The T-cell-intrinsic mechanisms that promote the expansion of tumor-specific T cells in vivo are poorly defined. Here we show that Eomes promotes the in vivo expansion and survival of tumor-specific CD8 + T cells during acute rejection, tumor regrowth, and in tumor-free mice. Prior work has established TDLN as major sites of cross-presentation and CD8
+ T-cell activation during antitumor immune responses, suggesting that activation of tumor-reactive T cells in the draining lymph node is necessary for successful tumor clearance. [53] [54] [55] [56] In our study, Eomes-OT-1 cells were found in increased numbers in the TDLN during acute tumor rejection. It is interesting to note that, Eomes-OT-1 recipient mice exhibited improved tumor-free survival, suggesting that Eomes expression in tumor-specific CD8 + T cells during the acute antitumor response allows the generation of a larger tumor-infiltrating lymphocyte population, which may confer superior antitumor immunity. Similar to what we observed during acute rejection, the increase in the number and percentage of Eomes-OT-1 cells was maintained in the tumor and lymph tissues of mice that experienced tumor regrowth. It is unclear why some recipients of Eomes-OT-1 cells experienced tumor recurrence despite the increase in tumor-specific CD8 + T-cell number, but it is possible that the number of viable Eomes-OT-1 cells in TDLN differed among recipient mice in the acute response, and that a threshold must be met to efficiently reject the tumor. Alternative reasons may also underlie tumor recurrence in some recipients in the face of increased tumor-specific CD8 + T-cell numbers after transfer of Eomes OT-1 cells. These reasons may include both tumorspecific factors, such as loss of expression of antigen or major histocompatibility complex, as well as T-cell alterations, such as increased expression of checkpoint inhibitors or decreased expression of costimulatory receptors.
In addition to increased numbers of tumor-specific CD8
+ T cells, we observed a modest but significant increase . Each experiment was repeated at least 3 times, data shown were from a representative experiment consists of numbers of samples as previously shown. Statistical analyses were performed by Student t test. *P < 0.05, **P < 0.01, ***P < 0.002, and ****P < 0.0005. CFSE indicates Carboxyfluorescein succinimidyl ester.
in IFNγ production in cells constitutively expressing Eomes, suggesting that Eomes may improve the antitumor response through enhanced cytokine production. Studies have demonstrated the critical role of IFNγ in promoting antitumor immune responses. [57] [58] [59] [60] Eomes is known to regulate IFNγ production in CD8 + T cells and this finding corroborates previous studies demonstrating a defect in IFNγ production in CD8
+ T cells that were Eomes-deficient or that were treated with a dominant-negative form of Eomes. 12, 19 The independent contribution of increased cell numbers and enhanced IFNγ production to the antitumor immune response is unclear. It is likely that enhanced cytokine secretion by a larger effector population contributes to tumor rejection.
Expansion of tumor-specific CD8 + T cells is necessary for efficient tumor rejection and prior work supports a role for IL-2 in this expansion. [61] [62] [63] IL-2 has also been shown to promote T-cell expansion during antiviral immune responses. 64 Studies using a transgenic IL-2 receptor have shown that augmented IL-2 signaling can increase T-cell proliferation and cell number following adoptive transfer. 33, 65 In this study, we show that constitutive Eomes expression in CD8 + T cells augments CD25 (IL-2Rα) expression, and this is associated with increased STAT5 phosphorylation in response to IL-2. Strong IL-2 signaling in vitro has been shown to be critical for effective T-cell expansion in vivo. 66 We observed an IL-2 dependent increase in T-cell proliferation in vitro, suggesting that Eomes-OT-1 cells may exhibit enhanced proliferation in vivo in response to low-IL-2 concentrations. In addition to proliferation, Eomes expression promoted CD8 + T-cell survival. Eomes-OT-1 cells exhibited increased survival and decreased cell death in both IL-2 concentrations tested. Although our data do not demonstrate that Eomes promotes cell survival in an IL-2-depdendent manner, it is well documented that IL-2 signaling promotes T-cell survival. 43, 44 Taken together, Eomes expression contributes to an increase in cell number by promoting both cell survival and proliferation, at least in part by enhancing IL-2 responsiveness.
In this study, we observed that an increased number of Eomes-OT-1 cells were maintained long term even after tumor clearance, suggesting that constitutive Eomes expression increased T-cell persistence. It is likely that both the increase in early expansion as well as the long-term persistence of transferred T cells can be attributed to increased IL-2 signaling during the activation phase. Strong IL-2 signaling in the early phase of T-cell activation is necessary for successful long-term memory maintenance and recall responses. 66, 67 Studies show that IL-2 signaling in the early activation phase promotes secondary expansion of T cells. [67] [68] [69] On the contrary, IL-2Rα-deficient mice were shown to demonstrate insufficient recall responses. 70 Our research suggests that constitutive Eomes expression enhances IL-2 responsiveness through upregulation of CD25, which maintains long-term tumor control by increasing T-cell persistence.
In corroboration with our previous study in which an α4-1BB-mediated increase in Eomes improved tumor rejection, here we demonstrate that increased Eomes expression alone enhanced tumor rejection efficacy. 4-1BB has been shown to be a promising target in improving the antitumor efficacy of CD8 + T cells by promoting CD8 + T-cell expansion, preventing exhaustion, promoting cytokine production, and supporting T-cell persistence. 17, 71, 72 Recently, replacement of the CD28 costimulation endodomain with 4-1BB led to increased persistence and tumor rejection in CD19-expressing chimeric antigen T cells (CAR T). 73, 74 Another study showed that 4-1BB agonism upregulates CD25 expression in CD8 + T cells following in vitro activation, lending to enhanced proliferation. 75 Along with previous published reports, our study suggests that the improved tumor rejection observed after α4-1BB treatment may be associated with an Eomesdependent upregulation of CD25.
This study elucidates a novel role of Eomes in promoting an increase in tumor-specific CD8 + T-cell number through CD25 upregulation in an adoptive transfer model of cancer immunotherapy. Our findings provide valuable insights for novel approaches to T-cell-directed therapy with the goal of eliciting more efficient tumor control in cancer immunotherapy.
